Abstract A sustainable strategy for conjunctive water management must include information on the temporal and spatial availability of this natural resource. Because of water shortages in the dry seasons, farmers on the Upper Plain of the Chao Phraya River basin, Thailand, are increasingly using groundwater to meet their irrigation needs. To evaluate the possibilities of conjunctive water management in the area, the spatial-temporal changes in the water table of the Younger Terrace Aquifer were investigated. First, a regional geomorphological map based on field surveys, remote sensing and previous environmental studies was developed. Then, the well data were analyzed in relation to rainfall, streamflow, yield and pumpage, and the data were interpolated using geostatistical techniques. The results were analyzed via integrated zoning based on color theory as applied to multivariate visualization. The analysis results indicate areas that would be more suitable for groundwater extraction in a conjunctive management framework with regard to the natural hydrogeological processes and the effects of human interaction. The kriging results were compared with the geomorphological map, and the geomorphological areas exhibit distinct hydrogeological patterns. The western fans exhibit the best potential for the expansion of conjunctive use, whereas the borders of the northern fans exhibit the lowest potential.
Introduction
The lowering of water tables is a serious problem faced by many countries around the world, including India, China, USA and many countries in central Asia (Brown 2005, p. 101-102) . The fluctuation of the water table changes the pattern of aquifer recharge and discharge into the rivers. This effect was observed by Promma et al. (2007) in the upper central plain of Thailand, which was studied in this paper. This over extraction of groundwater could reduce the base flow discharge of the aquifer into the river and increase the recharge from the river into the aquifer. If lower flow in the rivers occurs during the dry season, there would be a further increase in the conflicting demands for surface water downstream.
Therefore, attention to the growing demand for groundwater through careful monitoring and management may help to avoid future water conflicts. The zoning of areas with better or worse potential for groundwater use based on the vulnerability or resilience of the water table may be a useful tool in these contexts. Jain et al. (2009) proposed a zoning of spatial-temporal changes of the water table depth in Andhra Pradesh (India) to understand the risk of groundwater stress. Chen et al. (2010) also used spatial-temporal changes in the water table to develop a groundwater suitability zone for the expansion of irrigated agriculture. In urban areas, monitoring the spatial-temporal patterns of the water table is an important tool that has been used to avoid risks of land subsidence and saltwater intrusion (Houzer and Johnson 1985; Foster et al. 2010) . Sophocleous (2000 Sophocleous ( , 2012 showed how mapping water table patterns was used in the initial development of integrated water management policies in critical zones in Kansas as well as how the subsequent modeling of the groundwater-surface water interactions enabled the protection of a minimum ecological flow in the streams.
Fluctuations of the water table are one of the most widespread metrics for estimating aquifer recharge (Healy and Cook 2002) . In this context, the elevation of the water table during the rainy (or flood) season may be used to estimate the recharge surplus in the water budget of the aquifer. In the context of cyclic conjunctive use of groundwater and surface water, areas with more recharge would replenish the aquifer more efficiently during the rainy (or flood) period following the extraction stress during the dry period (Bredehoeft and Kendy 2008) .
Kriging and co-kriging are used as standard tools to interpolate groundwater table levels based on observation wells (Ahmadi and Seghamiz 2008; Nikroo et al. 2010; Moslemzadeh et al. 2011 ). However, confidence in the interpolation of the water table depends on whether the statistical assumptions of stationarity and normality are achieved by the samples (Peterson et al. 2011 ) and should be evaluated both by the results of cross validation and by the coherency of the trends in the interpolation map, particularly in areas farther from the observation points (Desbarats et al. 2002, p. 35) .
The expansion of irrigated agriculture in the Chao Phraya River basin, Thailand, has led to water shortages in years with insufficient surface water during the dry season (Molle 2007) . To mitigate the risk of shortages, farmers in such areas are increasingly using groundwater resources as complementary water sources. However, for sustainable conjunctive management of these water resources, it is important to understand the spatial-temporal behavior of the aquifers and their relationships to other environmental processes.
The objective of this study was to investigate the temporal and spatial relationships between groundwater data (water 
Study area
The Chao Phraya basin consists of a mountainous upland and intermountain plain. The mountains present fractured bedrock aquifers, which consist of fractured metamorphic and igneous rocks, as well as local karstic aquifers (Koontanakulvong 2006) . The downstream plain is formed by a sequence of eight Quaternary unconsolidated sedimentary aquifer strata that are separated by clayey lacustrine aquitards (Takaya 1971; Arlai 2007) . The Younger Terrace Aquifer lies beneath the upper central plain of the Chao Phraya River basin in Thailand ( Figs. 1 and 2) , and it is a porous aquifer that is primarily composed of unconsolidated Quaternary sediments, such as quartz sand and gravel (Promma et al. 2007 ) that originated from alluvial fans (Koontanakulvong 2006; Uppasit et al. 2012) . The aquifer also contains lenses of clay sediments deposited on pre-existing floodplains. The aquifer has an average thickness of 84 m (Fig. 3) , average hydraulic conductivity of 62 m/day (Fig. 4) , average specific storage of 0.01 (Koontanakulvong 2006) and areal extent of 2,097,794 ha. The aquifer is generally covered by a clay soil layer as well as by a clay-alluvial layer near the main streams (Koontanakulvong 2006; Promma et al. 2007) .
The area has a tropical monsoon climate with unimodal rainfall oscillation that creates a wet season from May to October and dry season from November to April. The rainfall in the wet season is controlled primarily by constant frontal rain from the southwestern monsoon and intertropical convergence zone (ITCZ). The river flow and flooding patterns are heavily affected by orographic storms that occur upstream of the plain when the seasonal tropical cyclonic systems coming from the northern Pacific Ocean or South Chinese Sea hit the mountains bordering the northern and northwestern margins of the Chao Phraya basin (Hungspreug et al. 2000; Komori et al. 2012) . Accurate descriptions of the climatological processes in this region can be found in the work by Rungdilokroajn (1992) and the Meteorological Department of Thailand (2013). Fig. 2 Boundaries and hydrography of the younger terrace aquifer and locations of the main cities in the study area Fig. 3 Thickness of the younger terrace aquifer according to Koontanakulvong (2006 ) Appl Water Sci (2017 In 1974, the floodplains of the rivers Yom, Nan and Ping were already mostly occupied by rice paddy fields (CIACentral Intelligence Agency, USA 1974). After the construction of the Bhumibol Dam in 1964 and Sirikit Dam in 1972, the river flow regulation enabled a rapid spread of irrigated agriculture on the plain that allowed for two or three rice crops per year (Royal Irrigation Department 1979, p. 54) . From the 1970s to 1990s, many government irrigation projects were undertaken in the area. In 2009, agriculture (primarily rice cultivation) occupied 90 % of the aquifer surface, whereas urban land occupied 8 % and natural landscape only occupied 2 % (Land Development Department 2009a).
The development of irrigation and increasing demand for industrial and urban water supplies have led to conflicts over surface water use in the Chao Phraya River basin. This conflict is particularly evident in years with less rainfall when the main dams in the basin are not able to store enough water to supply the demand during the dry season (Molle 2002) . Over the last 10 years, the increasing subsidies for rice farming in Thailand have increased the demand for water to irrigate second and third crops and further increased the risk of conflict (Bejranonda et al. 2013) . To avoid the risk of water shortages, the use of groundwater as a complementary source has become more common among the farmers of the area (Suthidhummajit and Kootanakulvong 2011) . Koontanakulvong et al. (2013) and Bejranonda et al. (2007 Bejranonda et al. ( , 2013 proposed that conjunctive water management in the upper central plain could decrease the conflicts over water use in the Chao Phraya River basin and may even allow for a further increase in irrigated farmland. The proposed framework is one in which farmers could use the abundant surface water during the wet season and then switch to groundwater during the dry season. Because groundwater extraction takes a longer time to affect river flows (i.e., the drawdown cone in the water table takes a relatively long time to spread before it reaches the river bed and changes the interaction between river and aquifer) (Balleau and Mayer 1988) , the wet season would provide enough water so that the flows of the rivers would not be severely reduced by the groundwater use. Subsequently, the abundant infiltration during the wet season would replenish the aquifers again before the next cycle of water pumping.
Methods

Data sources
This study used the groundwater and surface water data from the upper central plain of Thailand compiled by Koontanakulvong (2006) . The data were acquired from the Groundwater Department of Thailand, the Department of Industry Works, the Royal Irrigation Department and the water authorities at the provincial, municipal and village levels. The dataset is composed of 2,227 observation wells (depth of water table and yield) in the Younger Terrace Aquifer. From this dataset, 617 wells include information on the date of measurement (the measurements were made between 1968 and 2004, with 92 % between 1980 and 1999) . The dataset also includes monthly observations of the water level in 6 monitoring wells. In addition, the same project (Koontanakulvong 2006 ) also catalogued the pumping rates in 3,834 private and public wells that extract water from this aquifer.
Streamflow data from the rivers in the basin were obtained from gauging stations of the Department of Water Resources. The average monthly rainfall data were obtained from the Department of Meteorology, the Royal Irrigation Department and the Department of Water Resources. The hydrographic GIS database was compiled Fig. 4 Hydraulic conductivity zones within the younger terrace aquifer as estimated by Koontanakulvong (2006) by Koontanakulvong (2006) based on the datasets of the Department of Water Resources and the Royal Irrigation Department. The aquifer's boundaries were delineated by the Department of Groundwater Resources.
Geomorphological map
The geomorphological map of the area followed the geomorphological framework proposed by Takaya (1971) , Murata and Matsumoto (1974) , Haruyama (1993) . The floodplain (back swamps and levees) system is surrounded by systems of fans and terraces and is bottlenecked by a geomorphic threshold on its southern boundary. The map was developed based on field surveys performed in January 2014 and the following auxiliary cartographic database:
-The maps of the temporal evolution of the inter-and intra-annual floods in the Chao Phraya River basin (Prajamwong and Suppataratarn 2009; UNITAR 2011; Yumuang 2012; GISTDA 2013) , interpreted based on the flood patterns of the geomorphic features in this region, as proposed by Haruyama et al. (1996) . The slope, ruggedness index and height to the river base level were calculated using the software Saga 2.1 and the SRTM elevation data. The ruggedness index was calculated based on the difference between the elevation of a cell and that of its 8 surrounding cells (Riley et al. 1999) . The vertical distance to the river base level was calculated by interpolating the elevation at each vertex of the hydrographic polyline to create a base level-smoothed surface of the terrain and subsequently subtracting the value of this smoothed surface from the original elevation model (Bock and Köthe 2008).
Rainfall and streamflow
Monthly rainfall time series were collected from 23 rainfall stations; the data from each station had less than 15 % missing values. To fill in the missing rainfall data, the expectation maximization (EM) technique (Hartley 1958; Dempster et al. 1977) , available in the SPSS software, was used, as proposed by Firat et al. (2010) . Another four adjacent stations, with less than 10 % missing values, were added to aid in the estimation. Prior to the calculation, the dataset was divided into data from the wet and dry seasons to take into account the different climatic systems that dominate each period, as suggested by Presti et al. (2010) for regions with a unimodal climate oscillation.
Using the complete time series, Voronoy (Thiessen) polygons with centers at each rainfall station were delineated on the Younger Terrace Aquifer. The annual and monthly rainfall at each station was weighted proportionally to the area of the respective polygon overlying the aquifer surface. For those stations less than 15 km from each other, the polygons were clustered, and the areas of the clusters were evenly distributed among the inner stations.
Interpolation
Kriging techniques
To interpolate the water table and yield data points, kriging and co-kriging techniques were employed, making use of the Geostatistical Analyst tool in the ArcGIS 10.1 software. The parameters used in the interpolations were optimized by cross validation. Simple kriging was used to interpolate the yield data using the dataset containing all of the wells.
The water table depth was chosen as the interpolated data instead of the height (elevation) of the groundwater table to assure the assumption of data stationarity when using the kriging technique (Desbarats et al. 2002) . The use of the water depth isolates the external drift caused by the natural conformity between the height of the groundwater table and the surface elevation.
To create a general head map, the SRTM elevation was subtracted by the simple kriging interpolation of the depths in the dataset that includes all of the wells. Smoothed head contour lines were generated after applying a focal filter (using a ray parameter of 2.7 km) to the water table head raster.
Data subsets and respective thresholds
To investigate the spatial-temporal changes in the water table, the observation wells with measurement dates were used as the primary dataset. To compare hypotheses regarding these changes, the dataset was divided into subsets via various approaches. These subsets and their descriptions are presented in Table 1 . In the approaches that used rainfall and streamflow as the controlling thresholds and in the approach that differentiated between sets before and after 1992/1993, the analyses were designed to determine both the cause of the changes in the water table and the effects on the proposed conjunctive use of the water resources. However, as there is no specific referential factor in the approach differentiating only between the dry and wet seasons, the changes in the water table will reflect the overall result of many inputs and outputs in the water balance (including interactions between rivers, adjacent aquifers, water use, plant transpiration and other factors). In this last approach, the primary focus of the analysis was on the effects of the changes in the water table with regard to the proposed conjunctive water use (i.e., areas with more drawdown during the dry season are less suitable for the expansion of cyclic groundwater use) instead of focusing on the causes of the changes in the water table.
To develop an average streamflow value, the average was weighted proportionally to the basin area of each river overlying the Younger Terrace Aquifer (Nan: 48 %; Yom: 43 %; and Ping: 9 %)
The thresholds for rainfall, streamflow and date periods were chosen to divide the dataset into two nearly equal samples in relation to the number of observations.
Data normalization
As the observation data from the wells are not randomly or regularly spaced, there are areas with higher sampling densities. For this reason, it was important to use a normal score transformation of the samples and a declustering technique, which are available as part of the simple kriging approach in the Geostatistical Analyst tool, to ensure that the histogram sample better reflects the population histogram (ESRI 2005, p. 211) . The goal of the normal score transformation was to ensure that all random errors in the whole population (not only the sample) are normally distributed, thereby decreasing the uncertainty in the estimated interpolation. The normal score transformation allowed for the use of the declustering technique, which reduces the weight of the data in densely sampled areas in the interpolation and increases the weight of the data in sparsely sampled areas (ESRI 2005, p. 201-202) . Although kriging produces the interpolation with the best unbiased predictor (Cressie 1990) , the transformation of the data that provides a normal distribution theoretically ensures that the interpolation follows the best predictor among all unbiased predictions, not only the weighted averages (ESRI 2005, p. 201) . After distributing the interpolation weights, the variable values were transformed back to their original values.
Co-kriging procedure
The results of the kriging of water table data from the wells that have measurement dates were compared to the cokriging interpolation using the water table observations that lacked measurement dates as a secondary auxiliary dataset. As the interpolation proceeded farther from the primary observation points, the co-kriging gradually used the cross- The data were grouped into two subsets according to the measurement date
The increase in groundwater use in the region through time could cause more stress on the aquifer, whereas building canals and ponds may increase the recharge covariation between the primary and the secondary datasets to improve the predictions (Desbarats et al. 2002) . Because the subsets contained observations from various locations, the key role of the auxiliary data in the method used in this study was to provide a fixed reference in the areas with fewer observations and thus guarantee a minimum coherence between the compared interpolation maps of the complementary subsets. The interpolated means, medians and interquartile ranges of the mapped changes in the water table are illustrated with a box plot.
Radial basis interpolation of pumping rate
The rates of pumping from the wells were grouped in squared grids of 10,000 ha each. These values were divided by the areas of the grids, and each specific pumping value (m 3 /day/ha) was attributed to the centroid of each grid. Subsequently, the values at the centroids were interpolated using the radial basis function in the Geostatistical Analyst tool. The radial basis function is a deterministic interpolation that fits selected spatial functions to better describe the observation data (Bishop 1995) . The parameters of these functions were optimized by minimizing the rootmean-square prediction errors using cross validation.
Integrated zoning
Multivariate maps
The objective of the zoning is to illustrate areas that have a greater or lesser potential to expand the conjunctive use of groundwater and surface water. The proposed multivariate visualization technique consists of a set of six maps: three univariate maps and three multivariate maps. This paper presents three map sets: (1) natural potential, (2) human interaction potential and (3) integrated zoning (composed of the integrated results of two first sets and the well yields).
For the multivariate zoning, it was necessary to assume a simplification, attributing equal weight to the variables (Table 2) of natural potential, human interaction potential and well yields. The division between the natural and human interaction potentials is primary and is assumed to have the greatest influence on the respective univariate maps. However, it should be remembered that this division is merely a simplifying assumption and there are complex interactions between the natural and human factors.
Histogram ranking and visualization techniques
The histogram of the univariate layers was stretched into rank percentiles in relation to the raster pixels (equivalent to the Histogram Equalize remote sensing technique of Muray (1996, p. 190-191) ). This procedure was performed to focus on the areal differentiation and make the variables comparable among one another. Based on the percentile rank, the legend of each univariate layer shows the quantile distribution of the box plot. The multivariate map sets (each with 3 multivariate maps) were developed for the intermediate zoning (natural potential and human interaction potential) and for the final integrated zoning. The first map in the set is based on the average of the three univariate layers, applying a new stretch based on the percentile rank and visualizing in grayscale. The second map is an RGB (red, green, blue) composition of the three univariate layers, relying on the theory of color mixing. Although the RGB approach is generally used in remote sensing visualizations, its use in other quantitative contexts still has few documented applications (Hargrove and Hoffman 2004; Craig et al. 2006) .
The third map is a thematic cluster map, which was developed by combining the upper 50 % quantiles of each of the three univariate layers while preserving the basic color patterns of the RGB map. This map follows the suggestion of Hargrove and Hoffman (2004) that the clustering of the three color mixing maps into map classes can improve the multivariate interpretation.
The three maps (grayscale, RGB composite and RGB cluster) constitute a progressive transition from quantitative to qualitative variable zoning. Because the human brain perceives gray scales (luminance-based) and mixed color scales (luminance-vs. hue-based) differently in terms of patterns of contrast, graduations, clustering, shapes, texture and stereo depth (Ware 1988; Merwing and Wickens 1993; Rogowitz and Treinish 1996) , the complementary maps using both color scales improve the user's ability to visually analyze the map dataset. The univariate and gray scale multivariate zoning are also useful for users with color blindness because these users may face difficulties in evaluating the hue differences in the RGB maps (Borland and Taylor 2007) .
Qualitative zoning A final zoning was determined based on the qualitative interpretation of the patterns identified in the maps presented in this study. To discuss the physical meaning of their spatial heterogeneity, the quantitative values were also analyzed with regard to their distribution among the primary geosystems identified in the geomorphological map.
Results
A geomorphological map is presented in Fig. 5 , and a detailed description of the geomorphological system is presented in the supplementary document that follows this paper. The supplementary document also presents the analysis of rainfall and streamflow. The map of Fig. 6 shows the head levels based on the kriging interpolation that applied all of the well data. Table 3 presents the standard error, root-mean-squared error and deviation from the standard root-mean-squared error from the kriging and co-kriging interpolation of the Fig. 5 Geomorphological map of the younger terrace aquifer Figure 7 presents the box plot with the average results of the interpolation for each subset, and Table 4 presents the average results of the interpolations of each geomorphological system. The maps of Figs. 8 and 9 show the multivariate zoning related to the potential of expanding the conjunctive use of water resources with regards to natural patterns and the effects of human interactions. The maps of Fig. 10 integrate the multivariate zoning of Figs. 8 and 9 and the interpolation of well yields. The map in Fig. 11 shows a qualitative zoning that interprets the patterns presented in Figs. 8, 9 and 10.
Discussion
Geomorphology
The geomorphological mapping aids in understanding the relationship between water and agricultural plants. Conjunctive water management for agricultural use should consider not only the surface water and groundwater use, but also the water stored in the soil and used by the plants. In the back swamps of the floodplain, the traditional paddy fields are the crop best adapted to the hydromorphic soils, but the farmers in the area should consider seasonal flooding in their agricultural calendar. The flooding also brings with it new organic matter, which contributes to the soil fertility and inter-granular water retention. On the levees, the better drainage favors orchards that supply food for the local villages and cities. Both the orchards and residences are usually located on the levees to remain relatively safe during floods.
On the alluvial fans, the gently undulatory topography generates a striped pattern. In the higher strips, the farmers should be mindful of water stress in the soil, whereas crops are likely to be flooded in the lower areas in the event of heavy local rains. On the terraces and on the geomorphic threshold, field crops are more common than paddy fields (Land Development Department 2009a) because the field crops are better adapted to soil without saturated surficial layers. However, in all of the geomorphic areas, irrigation (from surface water or groundwater) improves agricultural production because it maintains the desired soil moisture during the dry season. Table 3 shows that the co-kriging improved the results of the interpolation because the procedure decreased the standard error and the root-mean-squared error of the interpolations and made the standard root-mean-squared error closer to 1. As a consequence, the addition of the auxiliary data improved the coherence of the spatial interpolations in the areas that are farther from the observation wells of the primary dataset.
Kriging analysis
A comparison of the subsets based on rainfall and streamflow (both wet and dry seasons) indicates that there is a general lowering of the water table in dry years and that the aquifer is affected more on a time scale of years than months (wet and dry seasons).
The absence of a general lowering of the water table both during the dry seasons and in the comparison of the periods before and after 1992/1993, which is shown in Fig. 7 , supports the hypothesis that the aquifer still has good potential for cyclic seasonal conjunctive use. The overall stability of the level of the water table between the wet and dry seasons may indicate that the aquifer has significant interactions with the rivers or other aquifers that regularize the surplus or deficit in the water balance during the wet and dry seasons, respectively.
It is noteworthy that the subsets before and after 1992/1993 indicate an increase in the water table during the latter period. One explanation for this difference may be that the irrigation channels and ponds created for rice irrigation allow water to pass through the clay layers, thus allowing more recharge into the aquifer in addition to contributions from the irrigation itself. This effect has already been noted by Bejranonda et al. (2008) in a field study in the area. This effect bodes well for the expansion of future irrigation projects based on conjunctive water use.
Multivariate zoning
Nevertheless, even considering the average differences shown in the box plot, the results from the maps (Figs. 8, 9 , 10) show a very distinct spatial heterogeneity in the changes in the aquifer water table. This heterogeneity may indicate areas with better potential for expansion of seasonal groundwater use. The natural potential map set (Fig. 8) shows that the areas more favorable for the expansion of conjunctive use are located in the western fans, whereas the areas with the least potential are in the northern fans-terraces systems. The northern fans and the floodplain exhibit good potential The italic fonts denote the two lower values, and the bold fonts denote the two higher values (not taking into account the average of the fansterraces system as a whole but considering each of the three subsystems) Depth (m) Fig. 7 Box plot of the interpolation of water table depth in the younger terrace aquifer showing each subset Fig. 8 Multivariate zoning of the natural potential for expansion of the conjunctive use of water resources Appl Water Sci (2017) 7:245-262 255 Fig. 9 Multivariate zoning of the potential for the expansion of the conjunctive use of water resources with regard to the effects of human interactions with the aquifer Fig. 10 Integrative multivariate zoning with regard to the expansion of the conjunctive use of water resources Appl Water Sci (2017) 7:245-262 257 for recharge only due to flooding. The eastern fans and the geomorphic threshold systems possess good attributes with regard to rainfall recharge and seasonal balance but not flood recharge.
The multivariate zoning regarding human interaction (Fig. 9) indicates that the best areas would be the eastern fans-terraces system and the geomorphic threshold area. There is a gradual southward change in favorability across the maps. The northern part of the aquifer mostly exhibits highly favorable potential with regard to the progress of occupation. At the latitude of the city of Phitsanulook, there is a belt with the worst values, which may be partly due to the higher pumping around the cities of Phitsanulook, Phichit, Sukhothai and Kamphaeng Phet. South of this belt, there is an area with good potential regarding both the occupation trends and the lower pumping density (the purple color indicates this pattern). In the southern part of the aquifer, there is an area with less water shortage stress during the dry seasons and a lower pumping density but with less potential as a result of the effect of occupation trends.
The integrated zoning (Fig. 10) indicates that the best area for expansion of conjunctive use would be the western fans (except for the northern regions of these fans). Moreover, the integrated maps show other areas with good overall attributes across the aquifer; many of them on the floodplain. The borders of the northern half of the aquifer show the worst overall potential, which may be partly because the aquifer has a high hydraulic gradient. Thus, the gradient draws water away from these areas, and the thinner aquifer thickness (Fig. 3) means that this part of the aquifer is more easily exhausted. However, the high hydraulic gradient of these borders also indicates propitious conditions for recharge in conjunctive use schemes if they are articulated with retention ponds and controlled canals. The geomorphic threshold and the eastern fans have good potential based on the natural and human interaction effects, but they have the poorest yields. Furthermore, certain parts of the geomorphic threshold area with more rocky outcrops and lesser thicknesses exhibit poor overall potential.
Comparison of the water table patterns with the geomorphology of the Upper Central Plain
Compared to the average results of the fans-terraces and geomorphic threshold systems (Table 4) , the floodplain system displays less recharge from rainfall, more recharge from flooding, more stress during the dry season and more stress when there is less surface water during the dry season. In contrast, the geomorphic threshold systems exhibit the reverse pattern, which, in addition to less pumping, shows a worse yield and a smaller increase in the level of the water table between the years before and after 1992/93.
A plausible explanation for the smaller amount of rainfall recharge in the floodplain may be the larger proportion of clay deposited during the Quaternary, which hampers the percolation of the pluvial water. This thick clay layer may also hamper the leakage from rivers during the dry season, contributing to the more intense drawdown during that time of year. Based on these patterns, to expand the conjunctive use of water resources in the floodplain, special attention should be paid to lowering of the water table when extracting groundwater. However, there would also be a positive counterbalancing effect: the thicker clay layer that hampers the leakage from rivers to the aquifer during the dry season would also ensure that groundwater extraction during that season would not aggravate the conflicting demand for surface water downstream in the Chao Phraya River basin.
The fans-terraces system displayed intermediary values between those of the floodplain and the geomorphic threshold. However, when this system is subdivided into northern, western and eastern subsystems, the results are clearly different. The northern fans-terraces subsystem exhibits results much closer to that of the floodplain and, in many cases, even slightly more accentuated. Because the floodplain and the northern fans area are interfingered in the northern part of the aquifer, this mutual similarity may be due to similar water use patterns or similar aquifer attributes and processes in addition to possibly a thicker clay layer covering the northern part of the aquifer in general.
The western fans-terraces subsystem exhibits a better water budget (fluctuation of the water table) during the dry season. Finally, the eastern fans-terraces subsystem is the least influenced by the flood recharge and also has the worst yield, very similar to that of the geomorphic threshold system. Two possible factors leading to these patterns in the western fans and the geomorphic threshold system include lesser aquifer thicknesses and the influence of clay and silt from igneous rocks that are mixed with the sediments of this aquifer (as noted by Takaya (1971, p. 394) ).
The integrated zoning and the comparison among the subsystem also indicate a general spatial trend in the overall results, which starts in the north (the northern terraces) and the floodplain and changes gradually toward the western, eastern and especially the southern edges of the aquifer (the geomorphic threshold). This pattern is consistent with the groundwater flow in the aquifer, which can be inferred from the overall head elevations (Fig. 6) . In this aspect, each side contributing to the aquifer (north, west and southeast) has a different pattern of zoned attributes.
Because they are interfingered with broader systems, the terraces and coalescing levees usually reflect the pattern surrounding them (the fans and floodplains, respectively). Due to their smaller extent, the results of the kriging interpolation on a regional scale do not precisely reflect their effect on the local water table.
Limitations
The primary limitation of the interpolation of the groundwater table is the local heterogeneity that affects the hydrogeological processes. For example, perched aquifers created by clay lenses (which are common in the Younger Terrace Aquifer) may create local areas with a higher water table than the main groundwater surface (Desbarats et al. 2002) . The kriging technique, as a nondeterministic interpolator, allows for an attempt to compensate for local heterogeneity by adding the nugget effect in the interpolation function (Cressie 1993) . Furthermore, in spite of certain local scale uncertainties, the identification of the general regional trends observed in the area, based on many measured wells, produces a more consistent picture of the aquifer. However, in the areas with fewer observation wells, the interpolation is consequently less reliable and relies more on the covariation of the primary dataset with the spatial pattern of the auxiliary data used for co-kriging.
The potential for recharge based on water table changes is a rough estimate because many other factors and attributes can influence the water balance (and, consequently, the water table), such as the aquifer discharge, leakage to deeper aquifers, specific storage, hydraulic conductivity and hydraulic gradient. A good general review of these limitations is presented by Healy and Cook (2002) .
Conclusions
This study was able to show temporal-spatial patterns in the fluctuation of the water table in the Younger Terrace Aquifer. It was possible to suggest explanations for the hydrogeological attributes and processes associated with a few of these patterns. However, many of these temporal and spatial changes warrant further investigation in future studies. Nonetheless, the description of these patterns is already a useful contribution to the conjunctive management of water use. The zoning indicated areas that have higher or lower potential for the expansion of the cyclic use of groundwater during dry seasons. The areas with higher yields, higher recharge from rainfall and flooding and less drawdown related to pumping, water shortages and interseasonal balance should be considered the best areas for conjunctive use. In the worst areas, increased caution regarding the amount and timing of groundwater use is advised.
The proposed method may be used with other techniques of hydrogeological research to produce a broader and more accurate understanding of an aquifer. For example, because the input data used in this study are usually available when building numerical groundwater models, modelers could use both methods in a complementary evaluation of the hydrogeological processes. The comparison with the geomorphological maps also creates a better understanding of the underlying hydrogeological processes.
Complementary approaches could still be used for the analysis of aquifer recharge and discharge. Among the most frequently used techniques for such analyses include field methods (piezometers, lysimeters, tracers, etc.) and methods that employ indirect inference (water balance and hydrograph assessments). The use of fieldwork methods for large basins is associated with a high cost for the required sampling network and presents uncertainties regarding the spatial heterogeneity of the hydrogeological processes. The indirect methods may be useful in the evaluation of lumped recharge in watersheds, although they are problematic when evaluating the role of intra-basin and inter-basin differentiation of environmental attributes (soil, geomorphology and lithostratigraphy). Maps of water quality indicators can also help to demonstrate the linkages between groundwater flows and lithostratigraphy.
The combined use of these complementary methods may help overcome the limitations of each method and provide a better understanding of the water table patterns investigated in this paper. The multivariate zoning that was presented focuses on the effect of the groundwater processes in the water table, whereas the complementary methods may be capable of providing an improved differentiation of the role of these processes (recharge, discharge, leakage, river interaction, pumping) in the aquifer. The multivariate visualization method proposed in this paper may be used in other contexts that require the spatial evaluation of several variables. The method may also be used for just two variables because the two-color approach of the bivariate color maps (Trumbo 1981; Reimer 2011 ) is analogous to the three-color RGB approach.
